Nitrophenols are important chemicals widely used and caused toxic effects on living beings. Here we developed a facile method to prepare CuPd/C catalyst for both m-nitrophenol sensitive detection (1 μM) and electrocatalytic reduction in a wide range from 100 to 10000 μM. The CuPd nanoparticles was synthesized by controlled coreduction of Cu and Pd salts in oleylamine and dispersed on carbon black to produce CuPd/C catalysts. The CuPd/C catalyst was subsequently modified on glassy carbon electrode both as the detection sensor and to investigate electrocatalytic reduction of m-nitrophenol. The sensitivity on the CuPd/C modified electrode (CuPd/C/GCE) was much higher than that on the GCE or commercial Pd/C modified electrode (Pd/C/GCE). The CuPd/C nanomaterial shows excellent m-nitrophenol sensing capability, including low detection limit, wide linear range, high reproducibility and stability. That makes it a unique electrochemical sensor for the detection of m-nitrophenol. The influence of m-nitrophenol concentration on the electrocatalytic ability of the CuPd/C/GCE was studied, and the reduction mechanism of m-nitrophenol is also presented. © 2016 The Electrochemical Society. [DOI: 10.1149/2.0231606jes] All rights reserved.
Nitrophenols are important chemicals widely used for manufacturing pharmaceuticals, pesticides, explosives, dyes and corrosion inhibitors, which are highly stable and causing toxic effects on human, animal and plant.
1,2 Thus they are included in the U.S. Environmental Protection Agency's "Priority Pollutants List", and various methods have been developed for detection and degradation of nitrophenol, such as spectrophotometry, spectrofluorometry, liquid chromatography, capillary electrophoresis, and GC-MS methods. [3] [4] [5] [6] [7] [8] Recently, electrochemical techniques have received considerable attention because they are simple, stable, less time-consuming, and environmental-friendly. Many noble metals including Au, [9] [10] [11] Ag, 12, 13 Pt 14 and Pd 15, 16 have been used to electrochemical catalyze reduction of nitrophenols because of their high activity, good efficiency and higher Fermi potential. Unfortunately, the pure metals would exhibit unsatisfactory sensitivity, poor selectivity and easy poisoning by adsorbed intermediates, which are a critical issue for practical applications. 17 Bimetallic nanoparticles (NPs) exhibit outstanding and/or enhanced properties due to their synergistic effect compared to monometallic counterpart. 18 Alloying offers a fascinating prospect to design nanomaterials with reduced cost but increased activity and well stability. In particular, the combination of a noble metal and a transition element has proven to be an effective way to tune the noble metal peculiarities and to extend the transition element properties, often resulting in new and unexpected properties. Among these bimetallic systems, Cu-Pd is one of the most attractive nanomaterials in the catalysis research. Wang and co-workers demonstrated the electrocatalytic activity for oxygen reduction reaction (ORR) with CuPd catalysts. 19 In this paper, a facile method was developed to synthesize CuPd NPs by controlled coreduction of Cu and Pd salts in oleylamine (OAm), which was used as a solvent, reducing agent and surfactant. Then the CuPd NPs were modified on carbon black to obtain the carbon-supported CuPd catalysts (CuPd/C). The crystal structures of the CuPd NPs were characterized by X-ray diffraction (XRD) and the morphology characteristics of CuPd/C was studied in details with transmission electron microscope (TEM). Cyclic voltammetry (CV) was employed to investigate the electrochemical behaviors of CuPd/C sensor for m-nitrophenol. A comparative study with commercially available palladium carbon (Pd/C) catalysts was also performed on the same conditions. It was found that the CuPd/C has a rather high z E-mail: fyang@nwu.edu.cn; sli@mail.xjtu.edu.cn electrocatalytic activity to the reduction of m-nitrophenol, and exhibits a good repeatability and stability.
Experimental
Reagents and materials.-PdCl 2 , Cu(NO 3 ) 2 , oleylamine (70%), carbon black (Kejen EC 300J), acetic acid, hexane (g, 99.7%), Nafion (5 wt%) and m-nitrophenol were purchased from Sigma-Aldrich. Phosphate-buffered saline (PBS) solutions (0.1 M) at different pH values were prepared by mixing NaH 2 PO 4 and Na 2 HPO 4 . All other chemicals and reagents for electrochemical measurements were of analytical grade and used without further purification. The deionized water for solution preparation was from a Millipore Autopure system (18.2 M , Millipore Ltd., USA).
Apparatus.-All the electrochemical measurements were carried out using a CHI 660D electrochemical workstation (Chenhua, Shanghai, China). A conventional three-electrode system, consisting of a modified glassy carbon electrode (GCE, 3 mm in diameter) as the working electrode, a saturated Ag/AgCl electrode as a reference electrode and a platinum wire as an auxiliary electrode, was employed. Electrochemical impedance spectroscopy (EIS) was performed with the same three-electrode configuration in an electrolyte solution of 0.1 M KCl containing 1.0 mM [Fe(CN) 6 ] 4−/3− , in a frequency range from 0.1 to 10 5 Hz with an AC probe amplitude of 50 mV. XRD profiles obtained (D8 Advance, Bruker) with high-intensity Cu Kα radiation (λ = 1.5406 Å). Morphologies of CuPd NPs were determined using transmission electron microscopy (TEM) (Tecnai G2 F20 S-TWIN, FEI).
Preparation of CuPd/C/GCE.-Under an nitrogen (N 2 ) gas flowing and magnetic stirring, PdCl 2 and Cu(NO 3 ) 2 in mole ratio of 1 were dissolved in OAm, followed with the temperature raised to 110
• C at the rate of 10
• C/3 min, then raised to 220
• C for 0.5 h to complete the reduction. After cooling down to room temperature, the CuPd NPs were washed twice by a mixture of hexane and ethanol and finally dried at 60
• C in vacuums. As-prepared CuPd NPs (1 mg) were mixed with 10 mg of carbon black in hexane (15 mL) and sonicated for 1 h to load all the NPs on carbon. Then, the CuPd/C was separated by centrifugation and heated in acetic acid at 70
• C for 12 h to clean the NPs surface. Finally, the CuPd/C NPs was washed with ethanol three times and dried under gentle flow of nitrogen. Before modification, a GCE was polished with 1.0 and 0.05 μm α-Al 2 O 3 powder, and then ultrasonically rinsed by ethanol and deionized water, dried in N 2 at room temperature. 5 mg CuPd/C was dispersed in 2 mL dimethylformamide (DMF) and 10 μL Nafion (0.1%, v/v, diluted from the 5% Nafion solution) mixture using high power ultrasonic to form uniform CuPd/C dispersion. To prepare CuPd/C modified electrode, 40 μL CuPd/C suspensions were then dropped onto the GCE surface. The electrode was subsequently dried under infrared lamp.
Results and Discussion
Characterization of CuPd NPs. -Figs. 1a and 1b show the TEM images of CuPd NPs. It can be clearly seen that the obtained CuPd NPs are well dispersed with unique diameters. From the High resolution TEM (HRTEM) image in Fig. 1b , the lattice fringe spacing is measured to be 0.23 nm, corresponding to the (111) planes in the face-centered cubic (fcc) CuPd alloy (0.231 nm). The corresponding selected area electron diffraction (SAED) in Fig. 1c shows the ring patterns from the fcc-structured CuPd NPs with the (111), and (200) rings clearly visible in the inner circle, which suggests the crystalline nature of CuPd alloy NPs. Fig. 1d is the TEM image of CuPd/C composite. It can be clearly seen that the CuPd nanoparticles are uniformly loaded on carbon particles.
The crystal structures of CuPd NPs are further confirmed by XRD. The diffraction peaks at 40.37
• and 43.19
• in Fig. 2 come from the (111) planes of the Pd and Cu fcc crystal structure (Pd-PDF#87-0645, Cu-PDF#70-3038), indicating that alloying Pd with Cu results in a crystal lattice expansion in CuPd NPs. Besides that, three weak diffraction peaks at 47.5
• , 68.7
• and 82.3
• are indexed to the (200), (220) and (311) planes of fcc-Pd crystal structure, respectively. In the standard spectrum, the peaks values are 47.0
• and 82.5
• . The diffraction peaks of Pd slightly shifted toward higher angles for (200), which indicates that the random distribution of the Cu atoms in the Pd lattice reduces Pd-Pd bond lengths in the formed solid solutions.
Electrochemical impedance spectroscopy (EIS) is an effective approach to estimate the modified electrode by investigating the electron transfer between interface of electrode and electrolyte, which consists of a semicircle and a straight tail line. The semicircular part at higher frequencies corresponds to the electron transfer limited process, and a linear portion at low frequencies resulting from diffusion limited process. Fig. 3 showed the EIS of GCE, Pd/C/GCE and CuPd/C/GCE in a solution of 1.0 M KCl containing 10 mM [Fe(CN) 6 ] 4−/3− . It was found that there is a smaller semicircle on CuPd/C/GCE, which demonstrated that CuPd/C/GCE had much lower charge-transfer resistance value than GCE and Pd/C/GCE, and implied that CuPd/C played an important role in providing the conducting bridges for the charge transfer of [Fe(CN) 6 ] 4−/3− .
Electrocatalytic reduction of m-nitrophenol on CuPd/C/GCE.-The reduction of m-nitrophenol at the CuPd/C/GCE was firstly studied by cyclic voltammetry (CV) in 0.1 M PBS solution containing 10 mM m-nitrophenol. As can be seen in Fig. 4 , all of the electrodes exhibited an electrocatalytic oxidation response toward m-nitrophenol (C1). The CV on the GCE illustrated a low reduction peak due to its poor electrocatalysis and antifouling properties; while the Pd/C/GCE exhibited a higher reduction peak depends on the higher electrocatalytic activity of Pd. Furthermore, it is remarkable that the CuPd/C/GCE shows a well-defined and significantly enhanced m-nitrophenol reduction peak, which was about even higher than that on Pd/C/GCE. The increase of current on CuPd/C/GCE indicated its excellent electrocatalytic activity toward m-nitrophenol, which demonstrated the synergistic effect of CuPd NPs. In addition, the reduction peaks potentials (C1) are −0.84, −0.87 and −0.91 for bare GCE, Pd/C/GCE, CuPd/C/GCE, respectively. The reduced peak potential means that the m-nitrophenol is easier reduced. Such change precisely due to the better electrocatalytic performance for m-nitrophenol. The m-nitrophenol exhibits two reduction peaks on the CuPd/C/GCE at −0.94 V (C1) and −0.37 V (C2), as while as two oxidation peaks at −0.58 V (A1) and −0.13 V (A2) respectively. According to previous literatures, 1, 20 the redox mechanism of m-nitrophenol on CuPd/C/GCE is shown in Figure 5 .
The reduction peak C1 is attributed to the reduction of mnitrophenol to m-(hydroxyamino) phenol (Eq. 1), then the m-(hydroxyamino) phenol, which is reduced to m-aminophenol (Eq. 2). And the redox waves in high potential region originate from the oxidation of m-aminophenol to m-nitrophenol (Eqs. 3 and 4) and the subsequent reversible reduction.
The kinetics of electrode reaction was investigated by evaluating the effect of scan rate on the reduction peak current. Fig. 6A displayed the CVs of 2 mM m-nitrophenol at different scan rates. As shown, the peak currents of m-nitrophenol linearly increased with the scan rates in the range of 20-100 mV s −1 , suggesting a kinetic limitation in the reaction between redox sites of the electrode and m-nitrophenol. Meanwhile, the peak current is proportional to the square root of the scan rate (Fig. 6B) , indicating a typical behavior for a mass transfer controlled reaction, and the regression equations was I p (mA) = 0.0052-0.0221v 1/2 (mV 1/2 s −1/2 ) (R 2 = 0.9966).
The electrochemical behavior of m-nitrophenol in different concentration.-The electrocatalytic activity of CuPd/C/GCE toward m-nitrophenol is investigated by cyclic voltammetry. Fig. 7A showed the CVs of CuPd/C/GCE in the presence of different concentration of m-nitrophenol in 0.1 M PBS (pH 7.4) at the scan rate of 50 mV s −1 . The reduction peak current increased linearly with the concentration of m-nitrophenol increasing. Fig. 7B showed the calibration curve for the CuPd/C/GCE, in which a straight line with correlation coefficient of 0.997 is obtained in a concentration range of 0.1-10.0 mM mnitrophenol. The performance of the electrode was compared with the reported electrodes for determination of m-nitrophenol, which were listed in Table I . It can be demonstrated that the CuPd/C/GCE showed a wider linear range. It was absolutely owing to the synergistic effects of Cu and Pd, which facilitates high catalytic activity toward m-nitrophenol.
Conclusions
A novel nano-catalyst, CuPd/C, has been prepared using a facile method. The CuPd/C/GCE exhibited a synergistic effect and showed enhanced electrocatalytic activity for m-nitrophenol. The results reported here demonstrate that this electrode can be used both for sensitive detection and reduction of m-nitrophenol in aqueous solution. The detection limit and linear range are 1 μM and 100 to 10000 μM at pH 7.0, respectively. It could be a promising candidate for 
